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012.07.0Abstract This paper investigates a novel direct torque control of a sensorless interior permanent
magnet synchronous motor based on a sliding mode technique. The speed and position of the inte-
rior permanent magnet synchronous motor are estimated online based on active ﬂux concept. To
overcome the large ripple content associated with the direct torque, a torque/ﬂux sliding mode con-
troller has been employed. Two integral surface functions are used to construct the sliding mode
controller. The command voltage is estimated from the torque and ﬂux errors based on the two
switching functions. The idea of the total sliding mode is used to eliminate the problem of reaching
phase stability. The space vector modulation is combined with the sliding mode controller to ensure
minimum torque and ﬂux ripples and provides high resolution voltage control. The proposed
scheme has the advantages of simple implementation, and does not require an external signal injec-
tion. In addition, it combines the merits of the direct torque control, sliding mode controller, and
space vector modulation besides to the sensorless control. Simulation works are carried out to dem-
onstrate the ability of the proposed scheme at different operating conditions. The results conﬁrm
the high performance of the proposed scheme at standstill, low and high speeds including load dis-
turbance and parameters variation.
ª 2012 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Today, permanent magnet synchronous motor (PMSM) re-
ceives a great attention for drive applications. In particular,m, emadgameil@yahoo.com
lty of Engineering, Alexandria
g by Elsevier
g, Alexandria University. Product
01an interior permanent magnet synchronous motor has high
efﬁciency due to the capability of producing reluctance torque.
Speed or position control of the interior permanent magnet
synchronous motor (IPMSM) needs the knowledgment of
the rotor speed or position. However, the speed sensors or
encoders have several drawbacks such as reliability, machine
size and drive cost [1–3].
Recently, the advancement in the ﬁeld of digital signal pro-
cessing encouraged researchers to investigate many methods of
speed estimation. The popular algorithm depends on estimat-
ing the EMF in a rotating reference frame [1–4]. This algo-
rithm gives acceptable performance at medium and high
speeds and fails at low speeds. Other algorithms estimate theion and hosting by Elsevier B.V. All rights reserved.
Nomenclature
vabc three phase stator voltages
iabc three phase stator currents
Sabc switching state of the inverter
va, vb stationary axes voltage components
ia, ib stationary axes current components
Vd;V

q reference voltage in synchronous rotating frame
V* reference voltage amplitude
/a, /b stationary axes stator ﬂux components
/^s estimated stator ﬂux amplitude
/f permanent magnet ﬂux
xr reference motor speed
xr actual rotor speed
x^r estimated rotor speed
xe electric angular rotor speed
ha estimated angular rotor position (active ﬂux posi-
tion)
c voltage vector angle with respect to d-axis
d load angle
Te electromagnetic torque
Lq q-axis stator inductance
Ld d-axis stator inductance
Rs stator resistance
P number of pole pairs
p differential operator
2 A.A. Hassan et al.motor speed using the stator inductance variation with the ro-
tor position [5–7]. Although these algorithms give a good per-
formance at low speed and standstill operation but it requires
high frequency signal injection which increases the drive com-
plexity. Moreover, a negative torque may be generated and
thereby degrades the motor performance.
Speed observers have been employed also in many litera-
tures. Sliding mode observer is used to estimate the motor
speed or position based on the estimated ﬂux [8–11]. However,
the chattering phenomenon, and the need to high frequency
signal injection are the drawbacks of this method. Extended
Kalman ﬁlter [12–14] is employed to estimate the speed of
the IPMSM using measured voltage and current signals. How-
ever, large computational burden is considered the main disad-
vantage of this technique. In [15], a linear model of the
IPMSM based on the stationary reference frame is con-
structed. Then, a speed/position observer is designed based
on c-positive real problem. However, large speed error appears
at rated value. However, the sensorless control at low speed
under load torque disturbance cannot be realized successfully.
In [16], an observer is constructed based on multirate time sys-
tem which estimates the applied voltage to the motor. In addi-
tion, a full order observer is used to estimate the stator ﬂux and
therefore the rotor position. However, this algorithm cannot
be applied at zero speed. In [17], an observer based on the mo-
tor model is used to estimate the rotor ﬂux and the motor
speed of the induction motor. This method is sensitive to the
parameters variation.
In some literatures the induction motor speed is estimated
from the stator ﬂux speed and either the load torque angle
as in [18] or the slip speed as in [19]. However, the speed error
is signiﬁcant especially at low speed under load disturbance.
Also, the motor parameters must be known accurately. Active
ﬂux concept [20] is used also for speed estimation. This method
has the advantages of obtaining wide range of speed control
without any signal injection. In addition, it uses a simple
algorithm.
In this paper, the merits of the direct torque control (DTC)
together with the sliding mode controller (SMC) are combined
to control the IPMSM. Also, the active ﬂux concept is em-
ployed to estimate the motor speed online. A torque/ﬂux
SMC combined with space vector modulation (SVM) are used
to replace the hysteresis comparators and look up table of the
classical DTC. The total sliding mode idea is proposed todesign the SMC for eliminating the reaching phase stability
problem. The proposed scheme does not require additional
complicated algorithms or signal injection schemes at very
low speed. Computer simulations are carried out to evaluate
the performance of the proposed scheme.2. Mathematical model of IPMSM
The mathematical voltage model of an IPMSM in the synchro-
nous rotating frame is given by [14]
p½x ¼ fðxÞ þ gðxÞu ð1Þ
where
x ¼ ð/q/dÞT; u ¼ ðVqVdÞT; gðxÞ ¼
1 0
0 1
 
; and
fðxÞ ¼ f1
f2
 
¼
 Rs
Lq
/q  xe/d
 Rs
Ld
ð/d  /fÞ þ xe/q
" #
The stator ﬂux components can be estimated from the cur-
rent model of the IPMSM in the synchronous frame as
follows:
/q ¼ Lqiq ð2Þ
/d ¼ Ldid þ /f ð3Þ3. Speed estimation of the IPMSM
The concept of active ﬂux (or torque producing ﬂux) for the
IPMSM is deﬁned as follows [20]:
/a ¼ /f þ ðLd  LqÞid ð4Þ
The previous equation indicates that the active ﬂux vector is
aligned with the d-axis of the rotor frame.
Using Eqs. (3) and (4), one can obtain:
/a ¼ /d  Lqid ð5Þ
Eq. (2) can be rewritten as:
0 ¼ /q  Lqiq ð6Þ
Combining Eqs. (5) and (6), the active ﬂux can be described
in the space phasor form as:
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where /a, /s, is are the active ﬂux, stator ﬂux and stator cur-
rent space vectors respectively.
Substituting the stator ﬂux in Eq. (7) by the integration of
the back EMF, the active ﬂux becomes:
/a ¼
Z
ð Vs  RsisÞdt Lqis ð8Þ
Eq. (8) indicates that the active ﬂux vector can be estimated
using the measured stator voltage and current space vectors.
The active ﬂux can be expressed in the polar form as:
/a ¼ /a\ha ð9Þ
where /a, and ha are the amplitude and angle of the active ﬂux
space vector. Since the active ﬂux vector is aligned with the d-
axis of the rotor frame, then the rotor position is estimated
from:
ha ¼ tan1
/ba
/aa
 
ð10Þ
where /aa and /ba are the components of the active ﬂux in the
stator frame.
The motor speed can be estimated from the time differenti-
ation of Eq. (10) as:
x^r ¼ dha
Pdt
¼ ð/aaÞk1  ð/baÞk  ð/baÞk1  ð/aaÞk
PTs  ð/aaÞ2k þ ð/baÞ2k
h i ð11Þ
where the active ﬂux components are calculated at the samples
k and k  1, and Ts is the sampling interval. A low pass ﬁlter
may be used with the speed estimator to reduce the noise.
4. Direct torque control of an IPMSM
Direct torque control is considered the simplest control tech-
nique of PMSM for industrial applications where torque con-
trol is desirable. For IPMSM, the torque equation can be
written as [21–22]:
Te ¼ 3P/s
4LdLq
½2/fLq sinðdÞ  /sðLq  LdÞ sinð2dÞ ð12Þ
The torque equation consists of two terms, the ﬁrst term is
the excitation torque and the second term is the reluctance tor-
que. For constant stator ﬂux amplitude, the torque can be con-
trolled by controlling the load angle (d). In other words, the
torque can be controlled by controlling the stator ﬂux speed
with respect to the rotor speed. The stator ﬂux components
are estimated using the measured stator voltage and current
components:
/a ¼
R ðva  RsiaÞdt
/b ¼
R ðvb  RsibÞdt ð13Þ
The stator ﬂux amplitude is estimated from:
/^s ¼ /2a þ /2b
 0:5
ð14Þ
The electromagnetic torque can be estimated using the sta-
tor current and voltage components:
bTe ¼ 1:5Pðib/a  ia/bÞ ð15ÞIn the classical DTC, the errors between the reference and
the estimated values of torque and ﬂux are fed to their band
hysteresis comparators to give digital outputs. The outputs
of the hysteresis controllers and the number of sector are fed
to a lookup table which selects the switching procedure based
on the inverter states. The inverter state does not change till
the output of the hysteresis controller or the sector number
changes. In turn, the inverter states changes slowly, especially,
at low speed [23,24]. For speed control based on the DTC, a
proportional-integral (PI) controller is used to generate the ref-
erence torque from the difference between the reference and
measured speeds.5. Design of a torque/ﬂux SMC
The sliding mode strategy is based on the design of the discon-
tinuous control signal that drives the system states toward spe-
cial manifolds in state space. The manifolds are chosen in such
a way that the system will have the desired behavior as the
state converges to it. The principle of the DTC is the tracking
of the electromagnetic torque by controlling the voltage input
to the motor. The SMC is designed to generate the stator volt-
age command from the torque and ﬂux errors. Two integral
switching functions are used for torque and ﬂux control. The
stator voltage command is generated based on the two integral
switching functions. The switching functions of the torque and
ﬂux are chosen as:
sT ¼ KpeT þ Ki
Z t
0
eTdt ð16Þ
s/ ¼ Kpe/ þ Ki
Z t
0
e/dt ð17Þ
where
eT ¼ Te  T^e ð18Þ
e/ ¼ /s  /^s ð19Þ
and Kp, Ki are positive gains.
The stator ﬂux linkage amplitude and the electromagnetic
torque can be estimated respectively in the synchronous frame
as follows:
/^s ¼ /2d þ /2q
 0:5
ð20Þ
bTe ¼ Ktð/diq  /qidÞ ð21Þ
where Kt ¼ 32P
The task is to design a control law to drive the state trajec-
tory to the intersection of the surfaces described earlier. The
time differentiation of the sliding surfaces is:
_sT ¼ Kp _eT þ KieT ð22Þ
_s/ ¼ Kp _e/ þ Kie/ ð23Þ
Combining Eqs. (1)–(3), and (18)–(20) will yield:
_s ¼ Mþ FDu ð24Þ
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_s ¼ _sT
_s/
 
; M ¼ KieT þ Kp
_Te
Kie/ þ Kp _/s
" #
;
F ¼
KpKtðL/qf1 þ ðL/d þ /fLdÞf2
 Kp
/^s
ð/df1 þ /qf2Þ
24 35;
D ¼
KpKtðL/d þ /fLqÞ KpKtL/q
Kp
/^s
/q
Kp
/^s
/d
24 35; u ¼ ðVqVdÞT and
L ¼ 1
Lq
 1
Ld
Taking the uncertainties into account, Eq. (24) can be
rewritten as
_s ¼ Mþ Fn DnuþW ð25Þ
where Dn, Fn are the nominal values of D, F and W is the
lumped uncertainty which can be expressed:
W ¼ WT
W/
 
¼ DFþ DDu ð26Þ
Putting _s ¼ 0, the control effort law (reference voltage) can
be obtained as follows [25,26]:
u ¼ V ¼ D1n ðMþ Fn þ asignðsÞÞ ð27Þ
where V ¼ VqVd
 T
; aPW; a ¼ aT
a/
 
, and aT, a/ are
positive gains.
The stability of the proposed SMC is proved using Lyapu-
nov stability theorem in the appendix.
The stator ﬂux and the torque can be regulated by the sta-
tor voltage components. The highly nonlinear and coupled
dynamics of the matrices D1n ;Fn
 	
complicate the design of
the SMC. However, if the stator ﬂux amplitude is controlled
to be constant, the variables of the matrices D1n ;Fn
 	
can be
analyzed as bounded disturbances regulating the stator ﬂux
and the torque. So, it can be added to the lumped uncertain-
ties. The control effort equation can be written as follows:
V ¼ M1 þ a1signðsÞ ð28Þ
where M1 ¼ D1n M and a1 ¼ D1n ðFn þ aÞ


 


The control effort is designed in Eq. (28) such that the sys-
tem trajectory is forced towards the sliding surface s= 0.
However, this control strategy produces some drawbacks asso-
ciated with large control chattering that may wear coupled
mechanisms and excite unstable system dynamics. In addition,
the sensitivity of the controlled system to uncertainties still
exists in the reaching phase. To overcome these problems,β
α
q d
aθ
*V
γ
sφ
δ
aφ
Figure 1 Space position of the stator voltage and ﬂux vectors.the total sliding mode control idea is chosen [25,26]. The con-
trol effort of the total torque/ﬂux SMC can be written as:
V ¼ M1 þ a1satðsÞ þ Kcsþ KTT^e
K//^s
" #
ð29Þ
where satðSÞ ¼ SjSjþk, and KT, K/, Kc and k are positive gains.
The function sat(S) is used instead of the function sign(S) to
reduce the chattering in the control effort. The third and
fourth terms are added in Eq. (30) to insure the stability of
the SMC during reaching phase.
The reference voltage amplitude and position are estimated
as follows:
V ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V2d þ V2q
q
ð30Þ
c ¼ tan1 V

q
Vd
 
ð31Þ
As shown in Fig. 1, the reference voltage position with re-
spect to a-axis in a stationary frame is expressed as:
h ¼ cþ ha ð32Þ6. Space vector modulation
Although the SMC can provide high performance and low rip-
ple content, the variable switching frequency problem is not
overcome. The sinusoidal pulse width modulation (SPWM)
can be combined with SMC to solve this problem but it has
some drawbacks. Thus it is unable to fully utilize the dc volt-
age, and gives more total harmonic distortion. The SVM is
preferred for DTC than SPWM technique [27,28]. It is based
on the space vector representation of the stator voltage in
the (a, b) stationary frame. For two level inverters, there are
eight states available for this vector according to eight switch-
ing positions as shown in Fig. 2. The SVM principle is based
on the switching between two adjacent active vectors and
two zero vectors during one switching period [28]. In order
to reduce the number of switching actions and make full use
of active turn-on time, the vector is commonly split into two
nearest adjacent voltage vectors and zero vectors V0 and V7
in an arbitrary sector. For example, during one sampling
interval, the stator voltage space vector in sector (I) can be
expressed as:Figure 2 Space voltage vectors of two level inverter.
Figure 3 Pulse command signal pattern of sector (I).
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Ts
V0 þ T1
Ts
V1 þ T2
Ts
V2 þ T7
Ts
V7 ð33Þ
where TS is the sampling time, and V1 ¼
ﬃﬃ
2
3
q
Vdc
Ts  T1  T2 ¼ T0 þ T7 P 0 ð34Þ
The required time period spending in each of the active and
zero states are given by
T1 ¼ jV
j sinðp=3 hÞ
jV1j sinð2p=3Þ Ts ð35Þ
T2 ¼ jV
j sinðhÞ
jV1j sinð2p=3ÞTs ð36Þ
Tz ¼ Ts  T1  T2 ¼ T0 þ T7
The pulse command signals pattern for the inverter for sec-
tor I can be constructed as in Fig. 3. For the sectors II–VI the
same rules can be applied.
The block diagram of the speed sensorless torque/ﬂux slid-
ing mode controller of an IPMSM is shown in Fig. 4. The sta-
tor ﬂux vector and the motor torque are estimated from the
measured voltage and current signals (Eqs. (12), (13)). The ro-
tor position and speed are estimated from the active ﬂux vector
(Eqs. (10), (11)). The ﬁgure shows also that the SMC generates
the stator reference voltage based on the torque and ﬂux er-
rors. No additional measurements or axis transformation are
required. Space vector modulation is proposed to generate
the inverter switching states with constant switching frequency.
In a conventional DTC, a single voltage vector is applied dur-
ing each sample period. When SVM is used, as shown in Fig. 3,
six voltage vectors are applied during each sample. The num-
ber of switching states increases, and in turn, the torque and
ﬂux ripples decrease. Thus, the SVM provides high resolution
output voltage. For speed control based DTC, a proportional-
integral (PI) controller is used to develop the torque command
for the SMC from the speed error.Torque / 
flux SMC 
control 
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Figure 4 Block diagram of the proposed7. Simulation results
Simulation works are carried out to evaluate the performance
of the proposed scheme. The simulations are performed using
the MATLAB/Simulink simulation package. The parameters
and data of the IPMSM used for simulation procedure are
listed in Table 1. The following settings are chosen for the con-
trol system.
Gains of the PI speed controller are selected as: Ksp = 0.01,
Ksi = 0.5. Switching frequency of SVM= 6 KHz. Sampling
time of speed estimator = 10 KHz. The parameters of the tor-
que/ﬂux sliding mode controller are selected as:
KT ¼ K/ ¼ 100; Kcw ¼ 100; a1 ¼ ½200 200T;
Kp ¼ 2; Ki ¼ 30
To evaluate the performance of the proposed scheme, the
simulations are carried out at standstill, low and high speed
operation with load disturbance and parameters variation.
7.1. Case (1) standstill operation
The motor is assumed to be operated at zero speed along the
simulation period. The load torque is assumed to be 2 N m
(66.6% of rated torque) at starting and increased steeply to
4 N m (133.3%)at t= 4 s. The ﬂux command is assumed to
be ﬁxed at 0.5 Wb. The damping coefﬁcient (J) and the mo-
ment of inertia (B) are detuned by 50%. The simulation wave-
forms are shown in Fig. 5. The ﬁgure shows that the actual and
estimated speeds are aligned. A speed dip occurs at the instant
of load disturbance and recovered in less than 0.5 s. The ﬁgure
depicts that the speed error between the actual and estimated is
about 0.1 rpm at steady state and 1 rpm at load disturbance.
As a result of using torque/ﬂux SMC with space vector modu-
lation, it is indicated that the ripples in the torque and ﬂux
waveforms are very low. Thus, the ﬂux ripple is about
±0.01 Wb (2%) and the torque ripple is ±0.07 N m (3.5%)
at 2 N m.
7.2. Case (2) low speed operation with load disturbance
In this case, the motor is assumed to be accelerated from zero
to 100 rpm in 0.5 s. and kept constant at this value till t= 4 s.
Then, the command speed is decreased steeply to 50 rpm. The
ﬂux command is assumed to be kept constant at 0.5 Wb.
The load torque is stepped from 2 to 3 N m at t= 2 s. As in
the previous case, the damping coefﬁcient and the momentinverter IPMSM
Transformation
αβ/abc
αβαβ iv
iv
,
aθˆ
abcabc,
dcV
a,b,cS
ue & flux
 speed 
iamtion 
SVM*θ
Σ
sensorless sliding mode control scheme.
Table 1 Parameters and data of the IPMSM.
0.01 Moment of inertia (J) (N m s/rad) 1500 Base speed x (rpm) 0.01 2 No. of pole pairs
0.005 Damping coeﬃcient (B) (N m s2/rad) 0.337 PM ﬂux Uf (Wb) 0.005 6 Rs (X)
0.0448 Ld (H) 3 Rated torque (N m) 0.0448 0.1024 Lq (H)
300 Vdc (V)
0 0.5 1 1.5 2 2.5 3 3.5 4
0
2
4
Estimated electromagnetic torque (N.m)
time (sec)
0 0.5 1 1.5 2 2.5 3 3.5 4
-30
-20
-10
0
Actual and estimated speed (rpm)
0 0.5 1 1.5 2 2.5 3 3.5 4
-1
0
1
Speed error (rpm)
0 0.5 1 1.5 2 2.5 3 3.5 4
0.4
0.5
Stator flux linkage (Wb)
Figure 5 Simulation output of the proposed scheme at standstill operation.
0 1 2 3 4 5 6 7 8
-2
0
2
Speed error (rpm)
0 1 2 3 4 5 6 7 8
0
50
100
Actual and estimated speed (rpm)
0 1 2 3 4 5 6 7 8
0.4
0.5
Stator flux linkage (Wb)
0 1 2 3 4 5 6 7 8
0
1
2
3
4
time (sec)
Estimated electromagnetic torque (N.m)
3.9 4 4.1
50
100
1.9 2 2.1
1
2
3
4
Figure 6 Simulation waveforms at low speed (100 rpm).
6 A.A. Hassan et al.of inertia are assumed to be less than nominal by 50%. The
simulation waveforms are shown in Fig. 6. It is seen that the
actual and estimated speeds can track the trajectory of the
reference speed very well. The speed error is found to be less
than 0.5% at 100 rpm. A small dip occurs in the estimated
and actual speeds at the instant of load disturbance. The speedwaveforms are enlarged at the instant of speed change to dem-
onstrate the fast speed response of the proposed scheme. The
ﬁgure shows that the torque and ﬂux waveforms contain low
ripples. The stator ﬂux ripple is about ±0.015 Wb (±3%)
and the torque ripple is ±0.15 N m at 3 N m (5%). The torque
waveform is enlarged to show that the system has fast torque
0 1 2 3 4 5 6 7 8
0
1
2
3
4
5
6
7
Actual and estimated rotor position(rad)
0 1 2 3 4 5 6 7 8
-5
0
5 x 10
-4
time (sec)
Rotor position error (rad)
Figure 7 Actual and estimated rotor position and their difference at 100 rpm.
-0.4 -0.2 0 0.2 0.4 0.6
-0.4
-0.2
0
0.2
0.4
0.6
Figure 8 Locus of the stator ﬂux in the stationary reference
frame at 100 rpm.
-20
0
20
Speed err
0 1 2 3 4 5
0 1 2 3 4 5
1460
1480
1500
1520
1540
Actual and estiam
0 1 2 3 4 5
0.4
0.5
Stator flux lin
0 1 2 3 4 5
0
2
4
time (
Estimated electroma
Figure 9 Simulation waveform
Sensorless sliding mode torque control of an IPMSM drive based on active ﬂux concept 7dynamic response. Fig. 7 illustrates that the actual and
estimated rotor positions are aligned and there is no phase
difference between them. The ﬁgure depicts also that the abso-
lute error is nearly zero. Fig. 8 shows the locus of the stator
ﬂux at 100 rpm in the stationary frame. It is noticed that the
ﬂux proﬁle attains its circular shape very quickly. This means
that the stator ﬂux has fast transient response and its
components are sinusoidal and displaced in phase by 90.
7.3. Case (3) high speed operation
In this case, the performance of the proposed scheme is tested
under high speed operation. The command speed is assumed to
be increased from zero to 1500 rpm in 1 s. The ﬂux command
is ﬁxed at 0.5 Wb. The load torque increased from 2 to 3 N m
at t= 3 s. The stator resistance of the motor is assumed to be
increased steeply by 50% at t= 6 s. The damping coefﬁcient
and the moment of inertia are increased by 100% at t= 1 s.
Fig. 9 shows oscillations in the estimated speed waveforms.
These oscillations can be reduced by selecting the appropriate
cut-off frequency of the ﬁlter and the PI-speed controller gains.or (rpm)
6 7 8 9 10
6 7 8 9 10
ted speed (rpm)
6 7 8 9 10
kage (Wb)
6 7 8 9 10
sec)
gnetic torque (N.m)
s at high speed operation.
8 A.A. Hassan et al.At steady state, the speed error is about 3 rpm (±0.2%) which
increases to 5 rpm (±0.33%) with the increase of the stator
resistance. Also, the ﬁgure shows smooth torque and ﬂux
waveforms where, the stator ﬂux ripple is about ±0.03 Wb
(6%) and the torque ripple is ±0.25 N m at 3 N m (8.33%).8. Conclusion
This paper presents the torque and ﬂux control of the IPMSM
based on the direct torque technique. Active ﬂux concept is
proposed to estimate the motor speed and position online.
To solve the high ripple content problems associated with
the classical DTC, a torque/ﬂux SMC is introduced in the
DTC scheme. The SMC has been designed based on the torque
and ﬂux errors. The control law of the SMC is designed to re-
duce the chattering phenomenon and ensure the reaching
phase stability. Also, a SVM is used to provide constant
switching frequency and reduces the ripple content. Simulation
results demonstrate that the proposed scheme still preserve
the fast dynamic response of the DTC. In addition, the system
has good performance at all speeds including standstill and
low speeds in the steady state. Also, the proposed scheme
has high robustness against parameters variation and load
disturbance.
Appendix A
The stability of the proposed SMC can be proved using Lyapu-
nov stability theorem. Deﬁning Lyapunov function as:
V ¼ 1
2
sTs ð37Þ
The time derivative of V on the state trajectory is given by
_V ¼ sT _s ð38Þ
Substituting Eq. (25) in Eq. (38), one can obtain:
_V ¼ sTMþ sTFn  sTDnuþ sTW ð39Þ
Substituting the control effort from Eq. (30) into Eq. (39)
_V ¼ sTM1 þ sTFn þ sTW sTM1  sTFn  sTa1 sign ðsTÞ
ð40Þ
i:e _V ¼ sTW a1jsTj ð41Þ
For a1 > |W|, Eq. (41) will ensure _V 6 0. This proves the
stability of the proposed scheme.
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